Vibrational level structure in the S 0 1 A g and S 1 1 B 3u states of pyrene was investigated through analysis of fluorescence excitation spectra and dispersed fluorescence spectra for single vibronic level excitation in a supersonic jet and through referring to the results of ab initio theoretical calculation. The vibrational energies are very similar in the both states. We found broad spectral feature in the dispersed fluorescence spectrum for single vibronic level excitation with an excess energy of 730 cm −1 . This indicates that intramolecular vibrational redistribution efficiently occurs at small amounts of excess energy in the S 1 1 B 3u state of pyrene. We have also observed a rotationally resolved ultrahigh-resolution spectrum of the 0 0 0 band. Rotational constants have been determined and it has been shown that the pyrene molecule is planar in both the S 0 and S 1 states, and that its geometrical structure does not change significantly upon electronic excitation. Broadening of rotational lines with the magnetic field by the Zeeman splitting of M J levels was very small, indicating that intersystem crossing to the triplet state is minimal. The long fluorescence lifetime indicates that internal conversion to the S 0 state is also slow. We conclude that the similarity of pyrene's molecular structure and potential energy curve in its S 0 and S 1 states is the main cause of the slow radiationless transitions.
I. INTRODUCTION
Pyrene is a prototypical molecule of the polycyclic aromatic hydrocarbons ͑PAHs͒ group, and it has been the subject of extensive spectroscopic studies in its condensed phase. [1] [2] [3] [4] [5] [6] [7] Ever since emission of pyrene was observed from the comet P/Halley, 8 the gaseous molecule has attracted the interest of many researchers, and several studies of the jetcooled pyrene molecule have been reported. [9] [10] [11] [12] [13] Its vibrational and rotational structures, however, have not been satisfactorily analyzed yet, and more careful measurements of jet spectroscopy and ultrahigh-resolution spectroscopy are desired to accurately determine the energy level structure of the isolated pyrene molecule. Pyrene possesses 16 electrons and is not subject to Hückel's 4n + 2 rule, which states that cyclic planar molecules in which each atom has a p orbital are aromatic if they contain 4n +2 electrons. It is of great interest to investigate pyrene's molecular structure in both the S 0 and S 1 states. In addition, it is worth noting that the nonradiative decay rate in the S 1 state is fairly slow. Fluorescence lifetime was reported to be very long ͑1. 4 s͒, 9 and fluorescence quantum yield is expected to be high although there has been no accurate measurement for the isolated molecule. The aim of the present study is to estimate the molecular structure of pyrene and to elucidate the cause of its slow nonradiative decay processes. The S 1 state is expressed as one of the nearly degenerate configurations of highest occupied molecular orbital-1 ͑HOMO-1͒ to lowest unoccupied molecular orbital ͑LUMO͒ and HOMO to LUMO+ 1 electronic excitations. The symmetry of these two states is identical ͑B 3u ͒ and they strongly couple with configuration interaction. The S 1 1 B 3u state is one of the mixed states with symmetric linear combination and the energy becomes smaller in it than in that of the state of HOMO to LUMO electronic excitation ͑S 2 1 B 2u state͒. This situation is similar to that of naphthalene and the S 1 state is designated by 1 L b . 14 Relatively strong b 1g vibronic bands could be seen in the fluorescence excitation spectrum, [9] [10] [11] [12] [13] providing evidence of strong vibronic coupling between the S 1 1 B 3u and S 2 1 B 2u states. The S 1 ↔ S 0 transition moment is small so that the radiative lifetime of the S 1 state is very long. The long fluorescence lifetime indicates that radiationless processes in the S 1 state of the isolated pyrene molecule such as predissociation, internal conversion ͑IC͒ to the ground state, and intersystem crossing ͑ISC͒ to the triplet state are all very slow.
We observed the fluorescence excitation spectrum of the S 1 1 B 3u ← S 0 1 A g transition and dispersed fluorescence spectra for single vibronic level excitation of jet-cooled pyrene. The vibrational structures in the S 0 and S 1 states were analyzed referring to the results of ab initio calculation. Further, we observed the rotationally resolved ultrahigh-resolution spectrum of the 0 0 0 band, and rotational constants have been accurately determined for both the S 0 and S 1 states. In this article, we present these experimental results and discuss the vibrational and rotational level structure, and excited-state dynamics of the isolated pyrene molecule.
II. EXPERIMENTAL
Pyrene-h 10 ͑Wako Chemical͒ was purified by vacuum sublimations and pyrene-d 10 ͑Wako Chemical͒ was used without further purification. The solid sample was heated to 180°C in a stainless steel container. The vapor was mixed with Ar gas and the mixed gas was expanded in a highvacuum chamber through a pulsed nozzle ͑an automobile fuel injector͒ to generate a supersonic jet.
As a light source, we used a pulsed dye laser ͑Lambda Physik LPD 3000, ⌬E = 0.1 cm −1 ͒ pumped by an excimer laser ͑Lambda Physik LPX 105i, 308 nm, 100 mJ͒. Fluorescence from excited molecules in a supersonic jet was collected with a lens to a photomultiplier ͑Hamamatsu R927͒ through a glass filter ͑Toshiba L42͒ to block scattered laser light. The output was processed with a storage oscilloscope ͑Iwatsu-Lecroy 9362͒ for single photon counting. The total photon number for ten laser shots was recorded as the fluorescence intensity using the LABVIEW system. The fluorescence excitation spectrum was observed by changing the wavelength of laser light. The dispersed fluorescence spectrum was observed using a scanning monochromator ͑Nikon P250͒. The resolution was 30 cm −1 and the accuracy of transition wavenumber was Ϯ6 cm −1 . The ultrahigh-resolution spectrum was observed using a cw single-mode ring Ti:sapphire laser ͑Coherent CR899-29, ⌬E = 0.0001 cm −1 ͒ pumped by a Nd 3+ : YVO 4 laser ͑Spectra-Physics Millennia X, 532 nm, 10 W͒. The output was fed into an enhancement cavity ͑Spectra-Physics WavetrainSC, LBO͒ for second harmonics generation. We obtained singlemode UV laser light with a power of 20 mW. The UV laser light beam was directed across the supersonic jet at right angles, which was collimated by a skimmer ͑2 mm orifice diameter͒ and a slit ͑1 mm width͒. The distance between the nozzle and the slit was 30 cm. The residual Doppler width was estimated to be 0.0002 cm −1 under this condition. Fluorescence was focused to a photomultiplier ͑Hamamatsu R565͒ using a pair of a spherical mirror and an ellipsoidal mirror with 90% efficiency of the solid angle. The output was processed with a gated photon counter ͑Stanford Research SR400͒. We observed a sub-Doppler fluorescence excitation spectrum by recording the change of fluorescence intensity with the laser wavelength. We simultaneously recorded the transmitted light intensity of a stabilized etalon ͑Burleigh CFT500͒ as frequency marks and a Dopplerlimited absorption spectrum of the iodine in order to calibrate transition wavenumber of each rotational line. The transition wavenumber of an iodine spectral line was calibrated using the iodine atlas. 15 The accuracies of relative and absolute wavenumbers were 0.0001 and 0.003 cm −1 , respectively.
III. RESULTS AND DISCUSSION
A. Vibrational structure in the S 1 1 B 3u and S 0 1 A g states Pyrene is considered to be a planar molecule with D 2h symmetry in the S 0 1 A g and S 1 1 B 3u states, as we will show later in Sec. III B. In D 2h symmetry, the three coordinate axes are all equivalent because they possess one C 2 , one h , and two v . Here, we define the axis system as shown in Fig.  1 . Pyrene has 72 normal modes and its vibrational reducible representation is reduced as ⌫ = 13a g + 12b 1g + 4b 2g + 7b 3g + 5a u + 7b 1u + 12b 2u + 12b 3u .
͑1͒
The vibrational energies in the excited state can be determined by excess energies of observed bands in a fluorescence excitation spectrum. though the spectral features were almost identical to those reported before. [9] [10] [11] [12] [13] The excess energies of observed vibronic bands of pyrene-h 10 and pyrene-d 10 are listed in Tables I and  II , respectively. In order to make reliable vibrational assignments, we observed the rotational envelopes of individual vibronic bands. The results are shown in Fig. 3 . Pyrene is an asymmetric-top molecule and its rotational a, b, and c axes are parallel to y ͑long axis͒, x ͑short axis͒, and z ͑out of plane͒, respectively. In the 0 0 0 band, two intensity maxima of P and R transitions are observed. This is the typical feature of a b-type transition in which the electronic transition moment is parallel to the x axis. Consequently, the S 1 state can be identified as 1 B 3u . We found several a-type vibronic bands in which a sharp Q peak could be seen at the band center. The a-type band is identified as a transition to a b 1g vibrational level of which the transition moment is parallel to the a͑y͒ axis. The intensity arises from vibronic interaction with the S 2 1 B 2u state. [16] [17] [18] [19] The b-type vibronic band, in contrast, is identified as a transition to an a g vibrational level, the symmetry of which is the same as that of the 0 0 0 band. Although the rotational envelope of a vibronic band observed at 780 cm −1 is strange, this band shape could be reproduced as an envelope of four partially overlapped b-type transitions. The vibrational energies in the S 0 state can be determined by the dispersed fluorescence spectrum for single vibronic level excitation. Figure 4 shows the dispersed fluorescence spectrum that occurs when the laser wavelength is tuned to the S 1 ← S 0 0 0 0 band. The vibrational energies of observed bands are listed in Table III. Accurate theoretical calculation is necessary for normal- vw stands for "very weak," w for "weak," m for "medium," s for "strong," and vs for "very strong." mode assignments of these observed vibronic bands. For the S 0 state, we calculated the vibrational energies using the density-functional-theory ͑DFT͒ method at the B3LYP/6-311G͑d,p͒ level with the GAUSSIAN 03 program package. 20 For the S 1 1 B 3u state, we calculated the vibrational energies using the restricted configuration interaction of single excitation ͑RCIS͒ method with a 6-31G͑d,p͒ basis set. It is known that ab initio calculation generally yields larger vibrational energies than those obtained experimentally, and an appropriate scaling factor was proposed for various calculational methods. For instance, 0.9757 was proposed for DFT͑B3LYP͒/6-311G ** . 21 In order to determine the best-fit scaling factor for pyrene in the S 0 state, we performed a least-squares fit and obtained 0. the S 1 and S 2 states is only 3946 cm −1 . Fluorescence lifetime becomes monotonously shorter as the excess energy becomes larger, and the lifetime at 4000 cm −1 is reported to be ϳ400 ns. 9 As the vibronic interaction between the S 1 and S 2 states becomes stronger, the radiative decay rate becomes larger because the S 2 ← S 0 transition is significantly stronger.
In a large molecule, intramolecular vibrational redistribution ͑IVR͒ is known to occur efficiently at high-vibrational levels of the S 1 state. We observed dispersed fluorescence spectra for excitation of prominent vibronic bands, and the results are shown in Fig. 5 . Clearly, the broad emission component becomes stronger as the excess energy increases. These results indicate that the IVR process is remarkably fast at the vibrational levels over 730 cm −1 in the S 1 1 B 3u state of pyrene. It might be possible to estimate the IVR rate by the homogeneous width of a spectral line. However, it is ex- band of jet-cooled pyrene. The whole spectrum is shown in Fig. 6 . The linewidth of an observed rotational line was 0.0003 cm −1 , which was mainly due to the residual Doppler width of the collimated supersonic jet. The lifetime at the zero-vibrational level of the S 1 state was reported to be 1.4 s, and natural linewidth is expected to be 0.000 004 cm −1 . The rotational temperature was estimated to be 12 K by the analysis of intensity distribution.
We also analyzed the rotational structure of pyrene using the A-reduced Hamiltonian method on an asymmetric-top molecule presented by Watson. 22 The nonvanishing matrix elements are given by 
where ͉JKM͘ is the eigenfunction of a symmetric-top molecule. J is the quantum number of total angular momentum J, while K and M are quantum numbers of the projection of J along the molecule-fixed a͑y͒ axis and the space-fixed Z axis, respectively. A, B, and C are rigid-rotor rotational constants. ⌬ J , ⌬ JK , and ⌬ K are symmetric-top quartic centrifugal distortion constants, and ␦ J and ␦ K are asymmetric-top distortion constants. All rotational lines show b-type selection rules. The q Q lines ͑⌬K a =0, ⌬J =0͒ could not be seen around the band center, and the S 1 state has been confirmed to be 1 B 3u . A part of the expanded spectrum in the P branch region is shown in Fig. 7 . The intensity ratio with nuclear spin multiplicity is calculated to be ee : eo : oo : oe = A 1 : B 3 : B 2 : B 1 = 18: 15: 16: 15. We assigned 1510 rotational lines and obtained rotational constants of the S 0 and S 1 states. The results are tabulated in Table V . Although the spectrum is congested with many lines, we were able to assign most of them unambiguously. The transition energies calculated using the obtained rotational constants are in good agreement with the observed values and we could not find any energy shifts occurring through local perturbation. The calculated spectrum using the obtained rotational constants is compared to the observed one in Fig. 7 .
The obtained rotational constants in the S 0 state ͑A = 0.033 914 7, B = 0.018 655 0, and C = 0.012 040 6 cm −1 ͒ are similar to those obtained by ab initio calculation retaining D 2h -symmetry ͑A = 0.033 767 4, B = 0.018 555 7, and C = 0.011 975 1 cm −1 ͒. Inertial defect ⌬ = I c − I b − I a is negligibly small in both the S 0 and S 1 states. Therefore, we conclude that the pyrene molecule is planar and D 2h -symmetrical. Pyrene is not considered to be completely aromatic because it has 16 electrons. However, the isolated pyrene molecule has been found to be highly symmetrical with three orthogonal twofold axes and symmetry planes. It is worth noting that the rotational constants in the S 12  11  15  14  13  12  11  10  9  8  9  10  7   11  12  13  14   6  7  8  9  10  11  12  5  3  4  3   5  6  7  8  9  2  2  3  4  5  6 Table V.   TABLE V 53 ͑HOMO͒ → 55 ͑LUMO+ 1͒ electronic excitations. The bond order is defined by the sum over all electrons of products of atomic orbital coefficients. Although the number of nodes in the wave function increases by two as a result of electronic excitation, the change in electronic distribution is small. The change in the bond order is further diluted among 16 electrons. Consequently, structural change resulting from electronic excitation is expected to be small.
We demonstrate that the excited-state dynamics in the S 1 state of pyrene is closely related to its geometrical structure. The fluorescence lifetime of the S 1 state of pyrene is very long, which indicates that all the radiationless transitions are very slow. Three processes that may be involved are predissociation, ISC to the triplet state, and IC to the S 0 state. The bond energies are significantly higher than the excitation energy of the S 1 → S 0 transition so that predissociation does not occur at the zero-vibrational level in the S 1 state of pyrene. ISC is not expected to be efficient, according 23 In order to confirm the triplet character, we observed broadening of a rotational line with the magnetic field, which is caused by the Zeeman splitting of M J levels. The observed broadening was considerably small even at a magnetic field of 1.0 T. Accordingly, we conclude that the triplet mixing is minimal and that ISC to the triplet state is very slow.
Next we discuss the inactivity of IC in the S 1 1 B 3u state of the isolated pyrene molecule. The IC to the S 0 state is caused by vibronic interaction. The energy difference between the zero-vibrational levels of the S 0 and S 1 states is 27 204 cm −1 , and the vibrational quantum number of the S 0 state is large in the S 1 energy region. The vibronic interaction is considered to be very weak when the equilibrium molecular structure and potential energy curves are approximately the same for both the S 0 and S 1 states.
The IC rate is given by [24] [25] [26] [27] 
Here, S 0 and S 1 represent the electronic wave functions of the S 0 and S 1 states, respectively. S 0 vЉ is the vibrational wave function of the high-vibrational level in the S 0 state and S 1 vЈ=0 is that of the zero-vibrational level in the S 1 state. ␦ is the Dirac delta function and Q i is a normal coordinate. The second and third matrix elements are nonadiabatic FranckCondon overlap of a promoting mode and Franck-Condon overlap of other modes, respectively. In D 2h symmetry, the S 1 1 B 3u state couples with the S 0 state through a b 3u vibration. The energy gap between the S 0 and S 1 states is large and their molecular structures are similar. The amplitude of wave function of the S 1 zero-vibrational level is large at the equilibrium nuclear positions ͑potential bottom͒, whereas that of the S 0 high-vibrational level is large near both edges of the potential energy curve. According to energy gap law, 24 the vibrational overlap is very small if the potential energy curves are approximately the same for the S 0 and S 1 states and the energy gap is large. We have shown that the equilibrium molecular structure is almost identical by the determined rotational constants and that the slope of the potential energy curve is also very similar by the observed vibrational energy. Therefore, the IC process in the isolated pyrene molecule is presumed to be very slow. Remarkably fast radiationless transitions such as ISC and IC with the quantum yields of 0.37 ͑Ref. 28͒ and 0.71, 29 respectively, were observed in condensed phases. These processes are attributed to structural change due to intermolecular interaction with the environment. The rates of radiationless transitions are considered to be strongly dependent on the molecular structure and potential energy curves so that it is noteworthy to compare the vibrational energies of an isolated molecule with those in condensed phases. For a g modes, the vibrational energies are approximately the same for gas and condensed phases, as shown in Table VI . 1, 5, 30, 31 Although the observed vibrational energies in the S 0 state are similar for gas and condensed phases, those in the S 1 state are appreciably different, supporting that the potential energy curves are affected by intermolecular interaction. Such slow nonradiative decay in the S 1 1 B 3u state is supposed to be common for large PAHs, in which the molecular structure is not significantly changed upon electronic excitation. Predissociation does not occur because the S 1 excitation energy is less than the bond energies. The ISC to the triplet state scarcely occurs according to El-Sayed's rule. The IC rate is considered to be strongly correlated with the geometrical structure. The structural change upon S 1 ← S 0 excitation is small in large PAH molecules. In such cases, the overlap of vibrational wave functions is expected to be small between high-vibrational levels of the S 0 state and the zero-vibrational level of the S 1 state. Consequently, the vibronic coupling becomes very weak and the IC in the S 1 state is expected to be slow.
We assume that IC is relatively faster in the B 2u state of a PAH molecule with D 2h symmetry. For instance, the fluo-rescence lifetime of anthracene-d 10 ͑4 ns͒ is much shorter than that of anthracene-h 10 ͑18 ns͒. 32, 33 This fact suggests that its promoting mode is C-H stretching, which includes nuclear motion along the y axis, that is, b 2u vibration. The IC rate in the 1 B 3u state, which couples with the S 0 1 A g state through a b 3u vibrational mode, is presumed to be slow probably because of the small nonadiabatic Franck-Condon overlap. The observed fluorescence lifetimes of naphthalene ͑ϳ300 ns͒ and pyrene ͑ϳ1400 ns͒ are long in contrast to the short lifetimes of the S 1 1 B 2u states of anthracene ͑18 ns͒, tetracene ͑20 ns͒, 34 and perylene ͑8.9 ns͒. 35 It is noteworthy that the lifetime of pyrene is significantly longer than that of naphthalene in spite of the pyrene's larger molecular size and level density. The mixing with the S 2 1 B 2u state might be shortening the lifetime of the S 1 1 B 3u state. However, the energy gap between the S 1 and S 2 states is almost the same for pyrene and naphthalene. The difference in their lifetimes, therefore, cannot be attributed to vibronic coupling between the S 1 and S 2 states. Another possibility is the potential energy curve. The obtained rotational constants of the S 1 state are similar to those of the S 0 state and the change in geometrical structure ͑displacement͒ is thought to be small. We suppose that the slope of the potential energy curve ͑distor-tion͒ is slightly shallower in the S 1 state of naphthalene. In pyrene, the slope is nearly the same in both the S 1 and S 0 states. In this case, the nonadiabatic Franck-Condon overlap is especially small and the S 1 → S 0 IC is expected to be minimal.
IVR is generally efficient in large PAHs because many vibronic levels are considerably mixed by the Coriolis interaction or anharmonic interaction ͑Fermi resonance͒. The threshold excess energy depends on the molecular size or the number of normal modes because the interaction strength is approximately proportional to the coupling level density. The threshold energies are 3000, 2122, and 1300 cm −1 for benzene, 36 naphthalene, 37 and anthracene, 33 respectively. In pyrene, IVR is remarkable in the vibronic level with an excess energy of larger than 730 cm −1 . Radiationless transitions are often enhanced by IVR so that the fluorescence lifetime becomes shorter at high-vibrational levels. In pyrene, however, this enhancement is not significant and the decrease in lifetime with excess energy is relatively small.
IV. SUMMARY
We have analyzed vibronic structure in the S 0 1 A g and S 1
1 B 3u states of the isolated pyrene molecule by fluorescence excitation and dispersed fluorescence spectra, as well as by ab initio calculation. The vibrational energies of the S 0 and S 1 states are similar and totally symmetric a g vibronic bands are weaker than the 0 0 0 band. This suggests that the stable geometrical structures of pyrene are almost identical in both states. The b 1g bands were observed with appreciable intensity through vibronic interaction with the S 2 1 B 2u state. The rotational structure has been analyzed using ultrahighresolution fluorescence excitation spectroscopy. We accurately determined the rotational constants at the zerovibrational levels of the S 0 1 A g and S 1 1 B 3u states. It has been shown that the molecule is planar and that its geometrical structure does not significantly change upon electronic excitation. The vibronic coupling between the S 1 zero-vibrational level and S 0 high-vibrational levels is very small and the IC to the S 0 state becomes very slow. Predissociation does not occur in the S 1 state of PAHs, and ISC is also considered to be very slow. Consequently, all of the possible radiationless transitions are slow and fluorescence lifetime is accordingly very long in the S 1 state of the isolated pyrene molecule. The IVR rate is expected to be proportional to the density of coupling vibrational levels and the broad emission can be observed in the dispersed fluorescence spectrum even for the excitation of a low excess energy level at 730 cm −1 . 
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